A detailed pollen analysis has been carried out on two sediment cores taken from a marsh area located in the Doñana National Park, southwestern Spain. The studied sedimentary sequences contain a similar late Holocene record of vegetation and climate and show a progressive aridification trend since at least 5000 cal. yr BP, through a decrease in forest cover in this area. Long-term vegetation changes shown here (semi-desert expansion and Mediterranean forest decline) paralleled declining summer insolation. Decreasing summer insolation most likely impacted negatively on tree growing season as well as on winter precipitation in the area. Superimposed on the long-term aridification trend were multi-centennial scale periods characterized by forest reductions or increases in arid and halophytic plants that can be interpreted as produced by enhanced droughts and/or by local geodynamic processes. These are centered at ca. 4000, 3000-2500, and 1000 cal. yr BP, coinciding in timing and duration with well-known dry events in the western Mediterranean and other areas but could have also been generated by local sedimentary or geodynamic processes such as a marine transgression in a subsidence context and extreme wave events (EWEs). The alternation of persistent North Atlantic Oscillation modes probably played an important role in controlling these relatively humid-arid cycles.
Introduction
Future climate reconstructions indicate that the western Mediterranean, including all of the Iberian Peninsula, will be warmer and drier (Hertig and Jacobeit, 2008; López-Moreno et al., 2011) with declining precipitation frequency (May, 2008 ). An important question to answer is how will vegetal environments respond to such climate changes in this area. Detailed paleoecological studies are necessary in order to understand the past relationship between climate, geodynamic control, vegetation, and human impact. In this respect, pollen analyses from marine and terrestrial sediment cores from the western Mediterranean area have been proven to be very informative about this matter Gil-Romera et al., 2010) . These studies show a progressive aridification trend that started at ca. 5000 cal. yr BP and lasted until present (Jalut et al., 2009 ). This trend has been related to a decrease in summer insolation that occurred after the Holocene climatic optimum (Jiménez- Moreno and Anderson, 2012) . In addition, this long-term trend is interrupted by millennial-and centennial-scale climatic oscillations that also affected the vegetation (Fletcher et al., 2013) . Some of these variations have been suggested to be caused by alternation of persistent North Atlantic Oscillation (NAO) modes (Fletcher et al., 2013; Jiménez-Moreno et al., 2013 ).
The western Mediterranean area has a long history of human cultures and societies (Barker, 2005) . However, the role that humans had and how much they contributed to the aridification process through their attempt to modify the landscape is still unknown (Bellin et al., 2013; Carrión et al., 2010) . Several studies show that environmental changes were mostly induced by climate and humans had a relatively discrete and local role until the last millennia Bellin et al., 2013) . In addition, other more local processes such as geodynamics could have altered the environment in the last millennia, complicating the interpretation of the environmental proxy records. This is especially important in estuaries with coastal barriers, where highenergy events and changes in sedimentary conditions are frequent (Hindson and Andrade, 1999; Kortekaas and Dawson, 2007; Ruiz Pessenda et al., 2012) .
Southern Iberia is located in an important climatic boundary between the temperate and humid climate to the north and the subtropical, arid climate to the south. Moreover, Mediterranean forests have been proven to be very sensitive to Northern Hemisphere climate variability (Fletcher et al., 2013; Tzedakis, 2007) . Nevertheless, relatively arid climate characterizes southern Spain (see below) and thus continuous Holocene pollen sequences are rare (see references below). In this respect, the Doñana National Park (Guadalquivir estuary, SW Spain) bears wetlands (coastal marshes and lagoons) that contain sediments deposited more or less continuously throughout the Holocene (Lario et al., 2002; Rodríguez-Ramírez et al., 2014; Salvany et al., 2011) . Pollen records are thus available from the area since the 1960s (Laguna de Las Madres: Menéndez Amor and Florschütz, 1964; Stevenson, 1985; Stevenson and Harrison, 1992; Stevenson and Moore, 1988; Yll et al., 2003; El Acebrón: Stevenson and Harrison, 1992; Stevenson and Moore, 1988; Mari López: Yáñez et al., 2006; Yll et al., 2003; Las Marismillas: Yll et al., 2003; and El Asperillo: Caratini and Viguier, 1973; Stevenson, 1984) . However, most of these studies are relatively low resolution and/or their age control is not very accurate.
Here, we present two pollen records from a marsh area in the Doñana National Park. This area was characterized by continuous sedimentation but also subjected to geodynamic processes such as subsidence, marine transgression, and marine inputs during EWEs (Rodríguez-Ramírez et al., 2014, in press) . In this study, we concentrate on the last ca. 5000 cal. yr BP of vegetation, climate, and geodynamic history from this marshland in SW Spain and more regionally from the western Mediterranean, through a comparison of our pollen data with other records available for the area.
Physical environment
The study area is located in the Guadalquivir estuary, SW Iberia (Figure 1 ). The Doñana National Park is an area of marsh, shallow streams, sand dunes, scrub woodland, and maquis very famous among ornithologists as one of the largest heronries in the Mediterranean region and is the wintering site for more than 500,000 waterfowls each year (http://www.magrama.gob.es/es/red-parquesnacionales/nuestros-parques/donana/). The studied S7 and S11 cores (36°56′30″N, 6°24′48″W; 36°58′11″N, 6°47′98″W, respectively) are located in a marsh area at an elevation around 2 m.a.s.l. and only separated by ca. 3 km from each other (Figure 1 ).
The climate in this area is of Mediterranean type with hot and dry summers and mild winters. Most of the precipitation falls during the winter. Mean annual temperature is 16.7°C and precipitation is 537 mm (Doñana palace weather station; Yll et al., 2003) . SW winds prevail in this area, with 22.5% of the days per year with wind in this direction (data of the National Meteorological Institute for the city of Huelva: 1960 Huelva: -1990 Rodríguez-Ramírez et al., 2003) .
Vegetation in the study area belongs to the 'dry thermomediterranean' type (Rivas-Martínez, 1987 (Rivas-Martínez et al., 1980) .
The studied marsh
The Guadalquivir freshwater marshland is located in the Gulf of Cádiz and is one of the largest in Europe, with an area of 185,000 ha. This marshland is separated from the Atlantic Ocean by the Abalario dune systems and two coastal barriers or spits: 'Doñana and La Algaida' (Figure 1 ). There is a close connection between the development of the coastal barriers and the generation of the present-day marshland (Rodríguez-Ramírez et al., 1996) . Four younger semi-mobile and mobile eolian dunes that accumulated mostly after the middle Holocene and can be up to 100 m high characterize the Abalario dune system. Two of the younger dunes are extended on the littoral spits and are related with littoral progradation phases (Rodríguez-Ramírez et al., 1996) . The marshland is characterized by various muddy sedimentary bodies (levees, channels, and point-bars) that have resulted from intense fluvial action, extensive sandy, and shelly ridges (cheniers) resting on the clayey sediments and marine processes operating against the barriers (Rodríguez-Ramírez and Yáñez, 2008) . The fluvial levees flank the river and its former courses above the adjacent interlevee marshes. These levees are part of a deltaic system that has been filling the old estuary. S7 and S11 cores are located in these interlevee areas where subsidence favored continuous sedimentation throughout the late Holocene. Marine inputs (EWEs) characterize the earliest part of the sedimentary record (Rodríguez-Ramírez et al., in press ).
Materials and methods
Two sediment cores, S7 and S11, were taken in 2009 from the studied marsh area using a rotation-drilling machine. S11 was the longest core with 18 m. S7 was shorter, with a length of 12 m (Figure 2 ). Cores were transported back to the Universidad de Huelva, where they were stored and sampled for various proxies including radiocarbon dating and pollen analysis.
Core chronologies were developed using calibrated AMS radiocarbon dates (Table 1 ; Figures 2 and 3) . Material for AMS dates consisted of mollusk shells and one organic bulk sediment sample from the S11 core. Samples for dating were initially dried and weighed before analysis. Radiocarbon ages were calibrated to 'calendar ages' using Calib 6.0 (IntCal09.14; Reimer et al., 2009 ). Correction of the reservoir effect followed AMM Soares' guidelines regarding calibration of marine shells from the Gulf of Cádiz (Soares and Martins, 2010;  Table 1 ). We used linear interpolation to calculate the age-depth model for the two cores (Figure 3) .
Samples for pollen analysis (1 cm 3 ) were taken every 50 cm throughout the studied cores (Figures 4 and 5) . Pollen extraction followed a modified Faegri and Iversen (1989) methodology using HF and HCl for mineral digestion and sieving and Zn 2 Cl for density separation. Counting was performed at 400× -magnification to a minimum pollen sum of 300 terrestrial pollen grains. The raw counts were transformed to pollen percentages based on the pollen sum. A summary of important pollen types (higher abundances than 1%) for cores S7 and S11 is plotted in Figures 4 and 5, respectively. Percentages of dinoflagellate cysts (dinocysts) were calculated with respect to the total pollen + dinocysts sum and are shown in Figures 4 and 5. The same was applied for Isoetes, and All dates were calibrated using Calib 6.0 (Reimer et al., 2009 ). For marine shell samples, we used a reservoir ΔR = 100 ± 100 and ΔR = −135 ± 20 for Beta-285007 (Soares and Martins, 2010) . In red are the dates that were considered too old and were not used in the age model. a Sample number assigned at radiocarbon laboratory; D-AMS#: Accium Biosciences, Seattle, WA; Beta#: Beta Analytic. its percentage was calculated with respect to the pollen + Isoetes sum. Arboreal pollen (AP)/arid (Artemisia + Amaranthaceae) ratios were calculated for both the S11 and S7 pollen records (shown in Figure 6 ). We use this relationship to document forest versus steppe fluctuations during the Holocene (i.e. Jiménez- . The ratio was calculated following the equation: AP/arid ratio = (AP − arid)/(AP + arid). Average AP/arid ratio values between the resampled AP/arid ratios by linear interpolation from S11 and S7 cores were calculated using Analyseries 2.0 (Paillard et al., 1996) .
Results

Chronology and sedimentary rates
Eleven calibrated radiocarbon ages were used to determine the sediment chronologies from S7 and S11 (Table 1 ; Figure 3 ). Age models from both records seem to show very similar sedimentary rates ( Figure 3 ). The age-depth model for the S7 and S11 cores suggests that sedimentation was more or less continuous in the marsh area for at least the last ca. 5000-4000 cal. yr BP (Figures 2  and 3 ). Radiometric dates from the S11 core show two seemingly old ages of 3104 and 3780 cal. yr BP at 350 and 750 cm, respectively. We attribute this to mobilization and re-sedimentation of old organic material into the marsh area probably due to the EWEs. Those radiocarbon ages were not used in the agemodel construction. Sediment accumulation rates (SAR) were calculated between the radiocarbon dates. Relatively low SARs characterize the earliest part of the S11 record, with values around 1.21 mm/yr. SARs increased substantially later on, between 4000 and 3000 cal. yr BP, with values between ca. 4.89 and 7.69 mm/yr. Both records show relatively low SAR in the last ca. 3000 cal. yr BP, between 0.79 and 1.33 mm/yr (Figure 3 ).
Lithology
The lower part of core S11, from −18 to −13.5 m, is a typical marsh sequence of mostly clayey silts (70-75% silts, 20-25% clay, and 2-5% sand) of a grayish ocher (10YR8/2) color, with burrowing, roots, carbonate nodules, oxidation, and intense lamination. The lower portion of core S7, from −12 to −8.5 m, consists of a sequence of fine to medium sands (75-90% sand, 5-20% silts, and 1-4% clay), well sorted (≈65-70% around 0.125-0.5 mm), white-orangish (10YR7/8) in color, and containing abundant red stains, roots, and bioturbation. The dominant lithology in the two cores is gray-greenish (10YR6/1) clayey silts: 50-60% silts, 15-35% clay, and 10-1% sand, with more ocher tones (10YR6/4) in the upper 2 m. The lower part of S11 presents the largest amounts of sand content (20-30% sand) from −13.5 to −7.5 m, turning progressively into clayey silts toward the top (<1% sand). The mollusk and gastropod macrofauna appear to be dominated by shallow water estuarine fauna from sheltered environments (Tellina tenuis, Cerastoderma edule, Saccostrea virletii, Nassarius sp.). Different decimetric layers with higher sand content and abundant marine mollusks and gastropods appeared in the different cores in relation to marine inputs. The macrofauna is composed of a mixture of disarticulated valves, shell fragments, and whole bivalves, with a high diversity of marine (Glycymeris sp., Chlamys sp., Cardidae sp., Anomia ephippium, and Bittium reticulatum) and estuarine species (Cerastoderma edule and Saccostrea virletii).
Pollen, dinocysts, and algae
Sixty different pollen, two algal species (Botryococcus and Pediastrum), microspores of Isoetes, and different species of dinocysts have been identified in the S7 and S11 cores. Some of the identified pollen taxa and algae occur in percentages lower than 1% and have not been plotted in Figures 4 and 5. Both pollen records show low percentages of arboreal forest taxa (%AP), with mean values around 15-20%, mostly made up of Pinus, Quercus (both evergreen and deciduous), Olea, and Juniperus. Herbs and grasses such as Amaranthaceae, Poaceae, and Asteraceae (including Artemisia, Asteraceae Cichorioideae, and other Asteraceae) dominate the pollen spectra. Ericaceae shrubs are present with varying abundances around 5%. Hydro-hydrophytic taxa also occur and are mostly represented by Cyperaceae, Myriophyllum, and Isoetes. Dinocysts are dominated by Lingulodinium machaerophorum but Spiniferites sp. and Hystrichokolpoma rigaudiae are also present. S11 and S7 pollen records show quite similar results with respect to long-term pollen variations. The earliest part of both records is characterized by maxima in %AP as well as in Isoetes and dinocysts. The S11 core is older and shows %AP around A m a r a n t h a c e a e P o a c e a e P i s t a c i a E r i c a c e a e A p i a c e a e L i l i a c e a e C i s t a c e a e R u m e x B r a s s i c a c e a e P l a n t a g o M y r i o p h y l l u m R a n u n c u l a c e a e T y p h a C y p e r a c e a e % d i n o s I s o e t e s Figure 4 . Pollen diagram of the S11 record showing percentages of selected taxa (higher than 1%). Isoetes and dinocyst percentages were calculated with respect to the total pollen sum. AP was calculated adding the percentages of Pinus, Quercus, Juniperus, Olea, Fraxinus, Ulmus, Abies, Alnus, Betula, and Juglans.
30% between 5000 and 4300 cal. yr BP. A decreasing trend is observed since then until the last centuries in both records: from ca. 30% to ca. 20% in the S11 and from ca. 20% to ca. 5% in the S7. This trend is mostly triggered by decreasing Quercus and Pinus (in the S7 record) and an increase in Amaranthaceae (from 5% to 25% in the S11 and from 10% to 65% in the S7) and in Artemisia. Isoetes and dinocysts also decreased throughout the late Holocene in both records.
Shorter-term scale changes are also observed in both records. These variations are clearly recorded in the AP/arid ratio ( Figure 6 ). Minima in AP/arid ratios in an average plot of the %AP of the two records are reached at ca. 4000, 3000-2500, and 1000 cal. yr BP.
Discussion
Middle and late Holocene aridity trend and geodynamics
Maxima in warm and humid conditions characterized the earlymiddle Holocene (following the subdivision by Walker et al., 2012 ) from ca. 10,500-7000 cal. yr BP in the western Mediterranean area Jalut et al., 2009; Jiménez-Moreno and Anderson, 2012) . Pollen records from southwestern Iberia also indicate optimum climate conditions, with a maximum development of Quercus forest and thermomediterranean evergreen taxa between ca. 10,000 and 6500 cal. yr BP (Fletcher et al., 2007; Reed et al., 2001; Santos et al., 2003) . Highest sea level is also observed in coastal sedimentary sequences in this area (i.e. the Flandrian maximum; Zazo et al., 1994) .
The Holocene climatic optimum can be explained by orbitalscale summer insolation maxima (Laskar et al., 2004) . This contributed to climate warming, generating an increase in the land-sea contrast that would trigger enhanced wind system and higher precipitations during fall-winter season (Meijer and Tuenter, 2007; Tuenter et al., 2003) . Also, a reorganization of the general atmospheric circulation with a southward shift of the westerlies has been interpreted, inducing wetter conditions in this area (Magny et al., 2012) .
Pollen data from S11 and S7 records show a decreasing trend in arboreal taxa (%AP) as early as the beginning of the records, ca. 5000 cal. yr BP (S11), and until the last centuries. Arid taxa such as Amaranthaceae and Artemisia increased considerably during this period (Figures 4-6) . A progressive decrease in Isoetes, a shallow water aquatic plant, is also observed in both S11 and S7 records (Figures 4 and 5) . All of this can probably be interpreted as an increase in aridity in the area, which would induce a forest reduction around the marsh and would trigger lower freshwater levels or more frequent instability or eutrophication in the marsh at that time. Aridification does seem to play the main role in transforming the vegetation in this region during the middle and late Holocene, as observed at many other pollen records from southern Spain and the Alboran Sea Carrión, 2002; Carrión et al., 2007 Carrión et al., , 2010 Combourieu-Nebout et al., 2009; Fletcher et al., 2007 Fletcher et al., , 2013 Jiménez-Moreno and Anderson, 2012; Pérez-Obiol et al., 2011 ; see some of these records in Figure 6 ). All these pollen records show a more or less steep progressive reduction in forest species and the increase in herbaceous xerophytes (Artemisia, Amaranthaceae, and other herbs) at that time agreeing with our study.
Other climate proxy records from the area support the idea of a general trend to climatic aridification over the second half of the Holocene. For example, the lake-level investigations from Laguna de Medina and Laguna de Río Seco, which show more ephemeral and shallower lake levels since then (Jiménez-Espejo et al., 2014; Reed et al., 2001) . A landscape evolution study in the Huelva coast shows that the onset of the accumulation of large mobile and semi-mobile dune systems, related to aridity in the area, began at ca. 5000 cal. yr BP (Zazo et al., 2005) . A recent study from an alpine lake in the Sierra Nevada, in southern Spain, records a 
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progressive increase in Saharan eolian dust deposition starting at ca. 7000-6000 cal. yr BP (Jiménez-Espejo et al., 2014) . A marine record off northwestern Africa also shows a significant increase in eolian dust at around 5500 cal. yr BP, which was interpreted as the abrupt end of the African Humid Period (DeMenocal et al., 2000) . Bellin et al. (2013) also reported enhanced geomorphic instability (i.e. high erosion and soil degradation) since 5600 cal. yr BP in SE Spain. Climate cooling after the early Holocene thermal maximum is also observed in sea-surface temperatures deduced from sediment marine cores from the area . The observed aridification trend during the middle and late Holocene seems to be related to the decreasing trend in summer insolation (Figure 6 ). Reduced summer insolation could have produced lower sea-surface temperatures (Marchal et al., 2002) , generating a decrease in the land-sea contrast that would be reflected in a reduction of the wind system and lower precipitations during the fall-winter season. Also, a reorganization of the general atmospheric circulation with a northward shift of the westerlies -a long-term enhanced NAO+ trend -has been interpreted, inducing drier conditions in this area (Magny et al., 2012) . Declining summer insolation at these latitudes would have negatively affected the growing season due to cooling, producing further forest decline (Fletcher et al., 2007) .
Geodynamic processes also occurred in this coastal area, which triggered changes in the sedimentary and fossil record (Figures 2 and 6 ). Before ca. 4000 cal. yr BP, the estuary was mostly closed, and the landscape was characterized by a stabilized dune system around S7, while a brackish lagoon occurred around S11. The estuary opened to the ocean and fully became a brackish lagoon at ca. 4000 cal. yr BP due to enhanced subsidence. Subsidence was important between 4000 and 2000 cal. yr BP, and a significant area west of S7 and S11, the southernmost sector of the Abalario dunes, was flooded (Rodríguez-Ramírez et al., 2014; Figure 1 ). Marine inputs (i.e. during EWEs) bringing sand to the overall lutite sedimentation and enhanced sedimentary rates (between 4.9 and 7.7 mm/yr) occurred then. The gradual confinement of the Guadalquivir estuary since 3000-2800 cal. yr BP, produced by progradation of the littoral systems and infilling of the marshland, could have generated a progressively less influence of marine waters in the studied marsh (Rodríguez-Ramírez and Yáñez, 2008; Rodríguez-Ramírez et al., in press ), inducing a decrease in the dinoflagellate cyst, transported marine benthic and planktonic foraminifera, and marine macrofauna, recorded in both S11 and S7 cores (Figures 4 and 5) . Furthermore, benthic foraminifera from sheltered environments (e.g. Haynesina germanica assemblage; Murray, 2006; Pérez-Asensio and Aguirre, 2010; Ruiz et al., 2005) are more abundant in younger sediments in both cores (Rodríguez-Ramírez et al., in press). Since then, sedimentation in the estuary was more stable, with lower sedimentary rates (between 0.7 and 1.3 mm/yr) and characterized by more or less homogeneous lutites. Vegetation in the area could have been affected by these changes in the estuarine environment. These processes would have only affected immediate vegetation around the marsh or lagoon area, being this mostly characterized by herbs, halophytes (i.e. Amaranthaceae), and aquatic plants. However, the progressive linear trend observed in the pollen record since 5000 cal. yr BP does not seem to match with geodynamic changes, such as the closing-opening-closing of the estuary, which would produce a very clear cyclical-like pollen signal. It looks like our pollen records bear a strong component of regional pollen input coming in the area by wind or fluvial transport.
Millennial-scale variability
The S11 and S7 pollen records show that superimposed on the long-term aridification trend were multi-centennial scale periods characterized by decreases in the AP/arid ratios at ca. 4000, 3000-2500, and 1000 cal. yr BP (Figure 6 ). These decreases could be interpreted by either regional forest reductions caused by enhanced droughts and/or increases in herbshalophytes that could be due to more local geodynamic processes. Comparing the S11 and S7 records with other pollen records from southern Spain showing millennial-scale variability (Laguna de Río Seco, Borreguiles de la Virgen, and Laguna de la Mula terrestrial records from the Sierra Nevada Jiménez-Moreno and Anderson, 2012; Jiménez-Moreno et al., 2013) ) shows that some of the 'arid' steps identified in our records coincide in time and duration -within the error of the radiocarbon dating -with three regional arid events, centered at ca. 4200, 3000, and 1200 cal. yr BP, well known in the western Mediterranean and other areas (Figure 6 ). However, geodynamics are important in the area with enhanced subsidence at this time, and processes such as EWEs could have also controlled environment and vegetation change in the immediate area ( Figure 6 ).
The ca. 4000 cal. yr BP step is shown in the S11 core by a reduction in AP/arid ratios and specifically in Pinus and deciduous Quercus, Isoetes, and dinocysts. This apparent forest reduction could have been due to regional climatic and/or more local environmental changes (or both). Climatically, a ca. 4200 cal. yr BP arid event is also observed in another regional paleoclimate proxy records, such in the lake records from Zoñar Lake and Siles Lake (Carrión, 2002; Martín-Puertas et al., 2008) . Strong dryness is also observed more globally, for example, in Central Europe (Magny, 2004) , Italy (Drysdale et al., 2006) , the Red Sea (Arz et al., 2006) , or North America (Booth et al., 2005) , and some researchers relate this arid period with the collapse of the old Akkadian culture in Mesopotamia (Weiss et al., 1993) , as well as the collapse of Neolithic Chinese cultures Liu and Feng, 2012) . This arid event coincides roughly with Bond's cold event 3 (Bond et al., 2001 ; Figure 6 ), event 3 of Wanner et al. (2011) , and one of the six periods of significant rapid climate change of Mayewski et al. (2004) . This ca. 4200 cal. yr BP climatic event marks the beginning of the Neoglacial (Wanner et al., 2011) . Therefore, Walker et al. (2012) proposed it as a suitable marker to subdivide the Holocene period into 'middle' and 'late' chronozones. However, a marine input is also recorded at this time in the S11 and S7 by a sandy layer and has been interpreted as an EWE in a subsidence and marine transgressive context (see section above; Rodríguez-Ramírez et al., in press ). This could have brought more salt in the marsh area and change the local vegetation toward more halophytic conditions (i.e. more Amaranthaceae), also triggering the decrease in AP/arid taxa.
The ca. 3000-2500 cal. yr BP step is also noticeable in the S11 record by two minima in AP/arid ratios, Isoetes and dinocysts around that age. This step is also obvious in the S7 core, but this record also shows reducing values in the AP/arid ratios together with a minimum in the dinocyst occurrence around 3000 cal. yr BP. This pollen oscillation could be interpreted climatically as enhanced aridification in the area. This would be supported by the ca. 3000 cal. yr BP arid event that has been locally recognized by a desiccation in the Laguna de Medina (Reed et al., 2001) and by accumulation of an eolian unit (U5) at ca. 2700 cal. yr BP in the nearby coastal area of El Abalario and Doñana (Zazo et al., 2005) . It has also been regionally described by lower lake levels in Zoñar Lake and Siles Lake (Carrión, 2002; Martín-Puertas et al., 2008) , also in a study by Bellin et al. (2013) who show enhanced geomorphic instability in the area (aridification event A2). Globally, this step coincides in time with Bond's cold event 2 from the North Atlantic (Bond et al., 2001) , mayor global climatic reorganizations (Mayewski et al., 2004) , and low lake levels in central Europe (Magny, 2004 ; Figure 6 ). Another EWE occurred in this estuarine area at this time (ca. 3000 cal. yr BP; Figure 6 ). This again could have caused the increase in herbs-halophytes triggering the decrease in AP/arid ratios ( Figure 6 ) observed in the record.
Minima in AP/arid ratios pointing to another arid step also occurred at ca. 1000 cal. yr BP in the S11 record, agreeing with other pollen records regionally (Jiménez- Moreno et al., 2013) . It looks like the last eolian accumulation phase in the nearby El Abalario and Doñana dunes occurred around this arid time (Figure 6) . The ca. 1000 cal. yr BP arid step falls around the Dark Ages from ca. 1450 to ca. 1050 cal. yr BP and the Medieval Climate Anomaly (MCA; from ca. 1050 to ca. 700 cal. yr BP; Moreno et al., 2012) and occurred after the Roman Humid Period, also well documented in the area (Jiménez- Moreno et al., 2013; Martín-Puertas et al., 2010) . Aridity around that time is observed in other pollen records from the region: in the Alboran Sea (MD95-2043 and ODP 976 cores; CombourieuNebout et al., 2009; Fletcher et al., 2013) and in the Guadiana Valley, Portugal (Fletcher et al., 2007) . The Laguna de Medina record, Cádiz, documents desiccation events at that time (Reed et al., 2001) , and the Mg/Al and Rb/Al ratios from the Alboran Sea and Lake Zoñar show a significant decline in precipitation (Martín-Puertas et al., 2010) . Lake levels are also low at this time in southwestern and central Europe (Magny 2004; Martín-Puertas et al., 2010) . This arid step coincides with cold sea-surface temperatures (event AC1) from the Alboran Sea , Bond cold event 1 in the North Atlantic (Bond et al., 2001) , and a period of significant rapid climate change of Mayewski et al. (2004) .
This study shows millennial-scale variability in the late Holocene vegetation from the Guadalquivir estuary area that could have been caused by climate change. The comparison of these pollen records with another proxy records from the western Mediterranean area shows millennial-scale climatic periods that seem to be recognized regionally and globally, for example, in the North Atlantic. This would support the hypothesis of a highly efficient climatic coupling between the North Atlantic and the western Mediterranean region during the late Holocene. The NAO is one of the major climate modes that naturally affect weather and climate patterns across Europe, controlling winter precipitation in the area (Hurrell, 1995) . Positive NAO years are associated with Iberian dryness and cold temperatures in Greenland (Frigola et al., 2007; Hurrell, 1995) . Therefore, the arid steps recognized in the paleoclimate records from the western Mediterranean area could be related with periods of persistent positive NAO index, triggering a northward migration of the westerlies and less winter precipitation in the region (Frigola et al., 2007; Muñoz-Díaz and Rodrigo, 2003) .
In the Guadalquivir estuary, such global climatic changes may have compounded the effects of local geodynamic processes such as a marine transgression and EWEs on the pollen record, especially for the ca. 4000 and 3000 cal. yr BP events (Figure 6 ). We think that in both cases, regional climate (i.e. aridity) and/or local coastal processes (i.e. EWEs) would generate a similar effect on the pollen record, an increase in herbs and, in particular, in Amaranthaceae, and then could have been combined. In addition, historical records make reference to a large tsunami that hit the coasts of SW Iberia in AD 881 (Guidoboni et al., 1994) but does not seem to be recorded in our sedimentary records. Very active storms over the North Atlantic during persistent NAO+ periods could have generated abundant cyclones in the area (Nissen et al., 2010) , perhaps explaining the occurrence of EWEs at those times. However, this does not exclude the possibility of tsunamigenic origin of some of these EWEs, as suggested by Rodríguez-Ramírez et al. (in press ). This study then shows that estuarine environments in tectonically active areas are, therefore, particularly complex when trying to learn about climatic patterns and their effects on the vegetation.
Conclusion
Pollen and other paleoclimate records from SW Spain and the western Mediterranean show a clear aridity trend during the middle and late Holocene. This is shown in the pollen records through a loss of forest cover and the increase in xerophytic herbs. The aridity trend seems to be caused by a decrease in insolation that occurred at that time, triggering lower sea-surface temperatures and a decrease in the land-sea contrast that would generate a reduction of the wind system and lower precipitations during the fall-winter season. Also, a reorganization of the general atmospheric circulation with a northward shift of the westerlies -a long-term enhanced NAO+ trend -has been interpreted, inducing drier conditions in this area.
The studied records also show millennial-scale variability, identifying three main periods characterized by forest reduction and/or increase in arid plant species and halophytes. These climatic steps were centered at ca. 4000, 3000-2500, and 1000 cal. yr BP, coinciding in timing and duration with well-known arid events in the western Mediterranean and other areas such as the North Atlantic. This suggests that vegetation changes in this area could have been triggered by millennial-scale climate variability, supporting a highly efficient climatic coupling between the North Atlantic and the western Mediterranean and alternation of persistent NAO+ and NAO− modes as the main mechanism forcing millennial-scale precipitation changes. Another explanation for the Guadalquivir estuary pollen variations could be more related with local geodynamic processes such as marine transgression over the Abalario dune systems and two EWEs, which occurred during two of these steps (ca. 4000 and 3000 cal. yr BP). We think that both processes, regional climate and local geodynamics, would have produced a similar pattern on the pollen record and may have combined, which makes this tectonically active estuarine environment tricky when trying to understand vegetation variations due to climate change.
